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MORE THAN a decade ago, transform- 
ing growth factor [3 (TGF-[3) was dis- 
covered as a factor that induced pheno- 
typic transformation of some fibroblast 
cell lines. Since then, it has been shown 
to have a variety of biological activities 
that affect cell proliferation and differ- 
entiation in many cell types. TGF-[3 
stimulates the proliferation of various 
mesenchymal cell types, but acts as a 
growth inhibitor of many other cell 
types, including epithelial cells. Fur- 
thermore, it induces the synthesis of 
extracellular-matrix proteins, modu- 
lates the expression of matrix proteases 
and protease inhibitors, increases int¢~ 
grin expression and thus enhances cell 
adhesion. TGF-I3 also affects mesenchy- 
real differentiation and is a very potent 
chemotactic agent for several cell 
types, especially monocytes and fibro- 
blasts (for reviews see Refs I, 2). 

Since the initial cDNA cloning of 
TGF-IB, a large superfamily of secreted 
factors that are structurally related to 
TGF-{3 has been discovered, In addition 
to the three TGF-[B isoforms (TGF-I31, 
-132 and -{B3, each encoded by a separ- 
ate gene) 3, the TGF-IB superfamily com- 
prises the activins and bone morpho- 
genetic proteins (BMPs), as well as 
many other secreted factors that are all 
thought to play major roles in differen- 
tiation and tissue morphogenesis 4. The 
importance of this family is suggested 
by the structural conservation from 
Drosophila and Caenorhabditis elegans 
to humans. Because the TGF-lB-related 
factors have similar biological activi. 
ties, TGF.[3 is considered to be the 
prototype for this superfamily. Thus, an 
understanding of the receptor-mediated 
signaling pathways of TGF-IB should pro- 
vide insight into the mechanisms not 
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TGF-[ -receptor-mediated 
signaling 

Rik Derynck 
Transforming growth factor 13 (TGF-13) and its many relatives are thought 
to play key roles in the control of cell proliferation and differentiation. In 
particular, the ability of TGF-t3 to induce growth arrest in epithelial cells 
has drawn considerable attention. The recent cloning of TGF-I3 receptors, 
which are considered to be prototypes of a new class of cell-surface 
receptors, has provided a first insight into how TGF-I~ signaling induces a 
variety of intracellular changes. Furthermore, recent advances in the charac- 
terization of the, cell-cycle machinery have stimulated studies aimed at 
understanding how TGF-[3 signaling leads to growth arrest in the late G1 
phase of the cell cycle. 

only of growth arrest, but also of the 
activities of all these factors. 

Different types of TGF.I~ receptors 
TGF-13 and activin receptors were 

initially characterized by cell-surface 
crosslinking experiments using ~251-TGF- 
13 or L2~l-activin. Most cells contain two 
types of receptors, designated type I 
(65-70 kDa) and type II (85-110 kDa), 
based on the molecular weight of the 
crosslinked complex. Many cells also 
contain a larger type III receptor for 
TGF-[3, which migrates as a diffuse band 
owing to its proteoglycan nature. 
Although crosslinking experiments have 
identified additional cell-surface pro- 
teins that bind TGF-13 (named type IV 
through type IX receptors) s , most atten- 
tion has focused on types I, II and III, 
which have now been cloned. 

The cDNA sequence of the type ilA 
activin receptor 6, the first cloned recep- 
tor for a TGF-B-related factor, provided 
insight into the signaling mechanisms 
of this family of factors. This receptor 

was identified as a transmembrane ser- 
ine/threonine (Ser/Thr) klnase with 
structural homology to the C elegans 
dam protein, a predicted receptor. 
Since then, cDNA cloning of various 
type II and type I receptors for TGF-13, 
activin, BMP-2 and BMP-4, which are all 
transmembrane Ser/Thr kinases, has 
led to the assumption that all TGF-13- 
related factors signal through type II 
and type I receptors, which belong to a 
large family of Ser/Thr kinase receptors 7. 
Thus, the receptor signaling of TGF-[3 is 
likely to serve as a paradigm for the 
entire family of ligands and receptors. 

The type III receptor. The type III recep- 
tor, also called betaglycan, is a trans- 
membrane proteoglycan with a short 
cytoplasmic domain s,9. Its only hom- 
ology described so far is with endoglin, 
a transmembrane glycoprotein that binds 
TGF-I~I and TGF-133, but not TGF-132 
(Refs 8, 9). The initial suggestion that 
TGF-13 signaling was mediated through 
the type II[ receptor has not been sus- 
tained, which is consistent with the lack 
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of en~matic motifs in its cytoplasmic 
domain. Thus, this receptor is not 
required for biological activity of TGF-[3. 
However, the cytoplasmic domain has a 
phosphorylation site for protein kJnase 
C, the relevance of which is unlmown s.9. 
The type Ill receptor may be able to 
interact with the type II receptor (see 
below), but does not require the type U 
receptor for TGF-[~ binding I°.n. 

The type II receptor. The type U and type 
! receptors mediate TGF-~ signaling. 
They are both transmembrane Ser/Thr 
kinases with a short extracellular 
domain and a long cytoplasmic region 
that consists largely of a kinase domain. 
The large number of cysteines in the 
extracellular domain and a cluster of 
three cysteines just upstream of the 
transmembrane region are character- 
istic of all kinase receptors for TGF-I3 
superfamily members 7 (Fig. 1). 

The one cloned type II TGF-~ recep- 
tor TM has a coincident expression with 
TGF-~I during development and dis- 
plays a high affinity for TGF-~I and TGF- 
[33 but not TGF-i~2. These data suggest 
that this is probably the major receptor 
for TGF-I31 and possibly TGF-I~3 (Ref. 
13). Although TGF-132 can bind this type 
II receptor in the presence of the type III 
receptor ~°,n, another type II receptor 
may exist that has a high affinity for 
TGF-~2 (Ref. 13). The kinase domain of 
the type II TGF.[3 receptor is flanked by 
a carboxy-terminai extension and a 
spacer segment between the transmem- 
brane and klnase sequences ~2. The lack 
of sequence similarity in these seg- 
ments with the corresponding regions 
in other members of this receptor fam- 
ily suggests that they may be involved 
in conferring signaling specificity. Its 
predicted Ser/Thr kinase activity has 
been confirmed in vitro 6a2 and in r ive ~4. 
However, the TGF-~ type 11 receptor 
may autophosphorylate not only on 
serine and threonine, but also on tyro- 
sine, as has been suggested for the 
activin type II receptor, suggesting dual 
specificity of the kinase activity. 

The type I receptors, in contrast to the 
single type 11 TGF-~ receptor and the 
two activin type II receptors, several 
cloned receptors have been proposed 
as type I receptors for TGF-13 or 
activin ~Sa~, which is consistent with the 
crosslinking patterns of this receptor, 
which often reveal heterogeneity both 
within one cell type and between cell 
types. All are transmemb~ane Ser/Thr 
kinase receptors and are structurally 
closely related, thus representing a dis- 
tinct subfamily of type l receptors ~. 

Several sequence features 
distinguish them from type 
lI receptors. Their cyto- 
plasmic domains are shorter 
and contain, besides the 
characteristic kinase sub- 
domains, a carboxy-terminal 
extension of only a few 
amino acids. In addition, the 
spacer regions between the 
transmembrane and kinase 
domains contain a conserved 
SGS~GI.J ~ motif absent in 
the type I! receptors. 
Similarly to the type II recep- 
tors, they autophosphoryl- 
ate in vitro on serine and 
threonine, but may also have 
dual substrate specificity. 
Their ex~racellular domains 
are generally shorter than 
the corresponding domains 
in the type il activin or TGF-[~ 
receptors and contain, be- 
sides the cysteine cluster 
immediately upstream from 
the transmembrane region, a 
distinct spacing of five cys- 
teines, conserved in all type 
I receptors (Fig. 1). 

The binding properties of 
the type I activin and TGF-[3 
receptors, assessed by cross- 
lining analysis of transfected 
receptors, are distinct from 
those of the type il recep- 
tors. Whereas the type II 
receptors bind their ligand 
independently ~-~, binding of 
TGF-[3 or activin to the type I 
receptors requires coex- 
pression with type II TGF-[~ 
or activin receptors t~'l~. Sev- 
eral type ! receptors have 
been shown to bind TGF-I3 
or activin in this way, albeit 
wi~ different efflciencies .6,17. 
Thus, the ligand specificity 
and affinity are conferred by 
the type II receptor, prob- 
ably through the physical 
interaction between the two 
receptor tylaes (see below). 
As a result, mutant MvlLu 
cells expressing intact type I receptors, 
but lacking functional (TGF-~-binding) 
type I! receptors, lack TGF-~ binding to 
both receptor t)~aes. Furthermore, 
transfection of a functional type II re- 
ceptor into these same cells rescues li- 
gand binding to both receptor types 18. 
However, based on IZSI-TGF~ crosslinking 
data, many cell lines seem to lack t~rl~e 
II receptors, yet have ligand-binding 

Type II Type I Domain 

Extracellular 

3 Cysteine cluster 

- -  I Transmembrane 

I SGSGSGLP 

Kinase 

I Carboxy-terminal tail 

Rgure 1 
Schematic representation of the type II transforming 
growth factor [3 (TGF-13) receptor and a type I receptor. 
The horizontal lines in the extracellular domains mark 
the cysteines. The conserved SGSGSGLP sequence 
characteristic of type I receptors precedes the kinase 
domain. The cytoplasmic extension following the 
kinase domain of the type I receptor is only a few 
amino acids long. The type II receptor is more heavily 
N-glycosylated than the type I receptor. 

type I receptors. This may be due to a 
decreased TGF-I~ crosslinkdng efficiency 
to the type II receptor as a consequence 
of ligand binding to the type l 
receptor ~s. Alternatively, as yet unident- 
ified type 1 receptors that do not 
require coexpression of type il recel> 
tors for ligand binding, or other rece~ 
tots with which the type I receptors can 
interact, may exJst. 
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i t-11 Type III III II I-II I1-1 
~ H  i i intr~ra~lillulUlalr 

II1-111 I1-11 I-II I-I 
Homo(di)mer Homodimer Heteromer Homodimer? 

(Tetramer) 

Figure 2 
Schematic model of possible homomeric and heteromeric interactions between the different trans- 
forming growth factor ~ (TGF-B) receptor tYpes. Possible interactions between the tYpe III and type II 
receptors are not shown, The type III receptor is a transmembrane proteoglycan that undergoes 
homo(di)merization, in both the absence and presence of TGF-I]. The type II receptor is also a homo- 
dimer, in both the presence and absence of TGF-~. TGF-13 does not bind to the type I receptor in the 
absence of the tYpe II receptor. Finally, the heteromeric complex between type I and type II receptors 
is shown as a tetramer. 

Although the ligand binding and 
crosslinklng experiments suggest hetero- 
geneity among the TGF.B and activin 
type I receptors, it is as yet unclear 
whether all these receptors mediate the 
biological activities of both llgands. 
Unfortunately, only one set of receptor- 
negative mutants (derived from a single 
epithelial cell line, MvlLu) exists, which 
greatly limits a thorough evaluation 
of their ability to mediate TGF-B 
responses. Only one type I receptor, 
named ALK-5, R4 or T~RI, has been 
shown to confer TGF-~ responsiveness 
in these cells]6,~9-2L However, the type I 
activin/TGF-13 receptor, named Tsk7L, 
RI, ALK.2, SKR-I or ActR-l, may mediate 
TGF-B responses in another epithelial 
cell line that lacks ALK.5 expression 22. 
The diversity of type [ receptors for 
TGF-13 (or activln) clay reflect a partial 
physiological redundancy and the ability 
of these receptors to mediate different 
spectra of TGF-13 responses. Also, some 
preferential use of type I receptors may 
occur, depending on the cell type. 
Whereas ALK-5 may be a predominant 
type I TGF-~ receptor in many cell 
types, a diversity of type I TGF-13 recep- 
tors would be consistent with the cell- 
type-dependent heterogeneity in type I 
receptor crosslinking patterns and the 
structural similarity of these receptors. 

~0 

The complexity of type I receptors 
may also explain in part the diversity of 
TGF-13 responses among different cell 
types. A slmilar diversity of combina- 
torial interactions has been observed in 
other receptor systems as well. As an 
example, a common gpl30 receptor com- 
ponent and a common ~-chaln interact 
with two distinct sets of cytokine recep- 
tor complexes and mediate the signal- 
ing of these different cytokines 23, A pref- 
erence for which type I receptors are 
used, depending on the cell line, would 
be analogous to the cell-type-dependent 
preferred usage of the receptor-associ- 
ated kinases JAKI, JAK2 and TYK2 as 
signaling mediators for various cyto. 
kine receptors 24. 

Homomedc ond heteromerlc receptor 
Interactions 

To gain insight into how TGF-13 exerts 
its multiple activities, it is necessary to 
understand the physical and physiologi. 
cal interactions between the different 
receptor types (Fig. 2). The required co- 
expression of the type II and type I 
receptors for TGF-B responsiveness and 
the co-immunoprecipitation of both 
receptor types following crosslinking of 
t251-TGF-~ (Refs 16-18) have led to the 
proposal that the functional TGF-13 
receptor is a heteromeric complex of 

type II and type I receptors TM. 
Although these results 
demonstrated the ability of 
both receptor types to form a 
heteromeric complex, they did 
not reveal the stoichiometry 
of this complex, the fraction 
of the receptors that is 
engaged in heteromerization, 
or whether heteromerization 
is required for TGF-15 signal- 
ing. In addition, the type II 
receptors have recently been 
shown to form stable homo- 
meric complexes, presumably 
dime, s, in both the presence 
and the absence of TGF-13 
(Refs 25-27). This consti- 
tutive homomeric complex 
formation may resemble the 
insulin and insulin-like ~'owth 
factor (IGF-I) receptors, 
which also form homodimers 
in both the presence and the 
absence of their ligand 28, The 
homodimerization of type II 
receptors, even in the pres- 
ence of type l receptors, and 
the existence of type I recep- 
tor homodimers make it likely 
that the heteromeric complex 

is a tetramer consisting of the constitut- 
ive type II homodimer and two type I 
receptors 2T. The type 19 receptors also 
form homo-oligomers or homodimers 
independently of ligand blndlng 2s. Co- 
immunoprecipltatlon experlments have 
demonstrated a physical interaction of 
type III with type II receptors following 
binding and crosslinklng to IzSI-TGF-13, 
This led to the proposal that TGF-~5 
binding to the type III receptor induces 
association with the type II receptor re,H, 
More recent studies on the total popu- 
lation of type III receptors failed to 
show an association between type III 
and type II receptors, suggesting that 
only a minimal fraction of the receptors 
engages in type Ill-type II receptor 
interactions and/or that these inter- 
actions are very transient 25. The in- 
creased affinity of the type II receptor 
for TGF-I~ when coexpressed with the 
type III receptor suggests that the latter 
may be involved in ligand presentation 
to the type If receptor. This may be 
especially relevant in the case of TGF- 
{32, since the type HI receptor greatly 
enhances the otherwise minimal affinity 
for TGF-152 (Refs I0, 1 I). 

By analogy with receptor tyrosine 
kinases, it might be expected that TGF-[5 
induces receptor clustering and auto-/ 
transphosphorylation; however, the 
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current results do not provide con- 
clusive evidence that this is the case. 
Ligand binding is not required for 
homodimerization of the type Ill and 
type II receptors 2s,2s, but may induce 
a transient association of thes~ two 
receptor types. With respect to type-l- 
type-ll receptor beteromerization, it 
has been proposed that ligand induces 
the interaction between both receptor 
types 14. However, they already associ- 
ate in the absence of ligand and have an 
inherent affinity for each other. Thus, it 
is likely that, similarly to receptor tyro- 
sine kinase receptors 29, the interaction 
between the two receptor types pre- 
exists but is stabilized by ligand occu- 
pation. The phosphorylation-dependent 
direct interaction of the type I and 
type lI receptor cytoplasmic domains 
suggests that phosphorylation of the 
cytoplasmic domains plays a role in the 
stabilization of the heteromeric com- 
plex. Analysis of the in vivo phosphoryl- 
ation of transfected receptors shows 
that, similarly to type II activin recep- 
tors 3°, the type II TGF-13 receptors are 
phosphorylated on multiple serines and 
threonines in both the absence and the 
presence of TGF-15 (Ref. 14). Many of 
these sites are also phosphorylated 
when a kinase-defecUve mutant of the 
type il receptor is transfected, suggest- 
ing that they are phosphorylated by 
other kinases, which is consistent with 
the presence of potential protein kinase 
C and casein kinase II phosphorylation 
sites In the cytoplasmic domain. 
However, the type II receptor kinase 
activity Is required for the autophos- 
phorylatlon of several other sites in the 
cytoplasmic domain. The heteromerlc 
interaction of type II and type I recep- 
tors suggests the attractive possibility 
that the two receptor types transphos- 
phorylate each other's cytoplasmic 
domains, which may play a role in the 
stabilization of the receptor complex. 
Thus, in a heterotetrameric complex, 
not only autophosphorylation, but also 
transphosphorylation of both receptor 
types could be envisaged, leading to 
receptor activation and interaction with 
signaling targets. Accordingly, it has 
been shown that the type II receptor 
phosphorylates the type I receptor in 
the heteromeric complex ~4. 

Two models have been proposed for 
the contribution of the type I and type II 
receptors to the TGF-13 activities. One 
model proposes that signaling of 1~th 
type I and type II receptors is requilad 
for the biological activities and thtt 
the absence or inactivation of one or 

another cytoplasmic domain abolishes 
all biological activities 7. This, model is 
based on experiments using transfected 
receptors and their kinase-defective 
mutants in MvlLu cell mutants lacking 
functional receptors. The other model 
proposes two distinct receptor-associ- 
ated signaling pathways 3~. Thus, the 
growth inhibition by TGF-13 requires sig- 
naling through the type II receptor, pre- 
sumably in combination with the type I 
receptor. However, the second pathway 
is medi~ted through the type I receptor 
without signaling through the type II 
receptor -, as long as the extracellular 
domain of the type H receptor provides 
ligand interaction with the type I recep- 
to r -  and induces a defined set of TGF-[3 
activities. This second model is based 
on the observation that transfection of 
a truncated type II receptor lacking a 
cytoplasmic domain into MvlLu cells 
inhibits the antiproliferative effect of 
TGF-13 in a dominant-negative way, yet 
does not inhibit TGF-[5 induction of sev- 
eral other responses 31. The latter mode! 
is consistent with several previous 
observations in other cell systep~s. 
Indeed, complementation analysis of 
cell hybrids revealed that acquisition of 
the growth inhibitory response corre- 
lated with type II receptor expression 32. 
Furthermore, several cell lines lack a 
functional type H receptor and are not 
growth inhibited by TGF-~, yet respond 
to TGF-15 with increased synthesis of 
extracellular-matrix molecules (see, for 
example, Ref. 33). Finally, various tumor 
cell lines are not growth inhibited 
by TGF-{3, yet respond by in- 
creased extracellular matrix synthesis, 
thus illustrating the uncoupling of 
the antiproliferative effect of TGF-I~ 
from its effects on extracellular 
matrix production. A similar phenotype 
is obtained following inactivation of 
the retinoblastoma protein (RB) by 
oncoproteins such as adenovirus EIA 
or SV40 large T antigen 34. This selec- 
tive loss of the antiproliferative effect 
of TGF-[3 has been considered as an 
early step in the malignant progression 
of a tumor cell. Finally, in smooth- 
muscle cells and osteoblasts, the 
ligand binding and availability of 
type I and type II receptors are indepen- 
dently regulated, and this correlates 
with alterations in the spectra of 
responses to TGF-IS. Further character- 
ization of the receptor interactions 
and kinase activities, as well as their 
targets, will be important to determine 
how they mediate their biological 
activities. 

TGF-~nduced sl~allng events 
Very little is known about the intra- 

cellular events that follow TGF-[3 treat- 
ment. The signaling mechanisms lead- 
ing to changes in proliferation by TGF-15 
are likely to be different in cells that are 
growth stimulated versus those that are 
growth arrested by TGF-[3. In fibroblasts 
and other mesenchymal cell types, 
TGF-~ induces the expression of 
endogenous growth factors such as 
platelet-derived growth factor (PDGF) 
and connective tissue growth factor, or 
increases the expression of epidermal 
~owth factor (EGF) receptors. In ad- 
dition, TGF-[5 induces the synthesis of 
several extracellular-matrix proteins 
and their integrin ligands. Thus, in 
these cells, TGF-13-induced signaling 
events that lead to growth stimulation 
may result indirectly from growth factor 
activation of receptor tyrosine kinases 
or altered cell-matrix interactions, 
rather than directly from TGF-[3 recep- 
tor signaling. Because of space limi- 
tations, I will only discuss growth inhi- 
bition by TGF-{3 here. 

Most studies of TGF-~-induced 
growth inhibition have focused on its 
effect on the cell-cycle machinery, but 
the upstream events leading to this 
regulation are largely unknown. How- 
ever, three important findings have 
been made in cells that are growth 
arrested by TGF-{5. (1) In several epi- 
thelial cell lines, TGF.{3 appears to acti- 
vate Ras (Ref. 35), and to increase mito- 
gen-actlvated protein klnase (MAPK) 
activity. The speed of this response 
suggests a close link with receptor acti- 
vation. This result supports previous 
suggestions that G proteins may be 
involved in TGF.{5 signaling. (2) TGF-[5 
induces protein phosphatase 1 activity 
in keratinocytes as. (3) TGF-15 induces 
phosphorylation of the transcription 
factor CREBP (cAMP response element 
binding protein) in I~vlLu cells, without 
affecting the protein level of CREBP 37. 
How these signaling events are me- 
diated following recel~tor activation, 
and whether they play a role in the 
antiproliferative effect or other activities 
of TGF-~, remains to be determined. 

TGF-p and cell.cycle arrest. TGF-p arrests 
the cell cycle of epithelial cells when 
administered during early GI, but with 
a decreasing efficiency as the cells 
approach late G1 (Refs 38, 39). Fol- 
lowing the G1-S transition, the cells are 
largely unresponsive to TGF-13 and to 
extraceilular mitogenic factors. 

RB is a central regulator and target 
of the cell-cycle machinery, and its 
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Early G1 Late G1 

(in HaC ~ = 

Transcription 
o-myc expression 

Rgure 3 
Possible effects of transforming growth factor [3 (TGF-~) on the components of the cell-cycle machin- 
ery leading to growth arrest in late G:~ phase. This model is based on the findings discussed in the 
text and, in part, on a diagram in Ref. 40. The induction of cyclin D synthesis precedes the induction 
of cyclin E expression during G1 phase. TGF-I~ inhibits CDK4 synthesis. The induction of cyclin E and 
CDK2 expression is inhibited in HaCaT cells 39, but not in MvlLu cells. This diagram suggests that 
TGF.13 may regulate p27 K~P1, a postulated inhibitor of cyclin-E-CDK2, but the evidence for a direct 
.~nnecti¢~ with TGF-I~ is rather weak. It is, as yet, unclear how p15 INK4B, an inhibitor whose 
expression is upregulated by TGF-~ (Ref. 47), fits into this model. Cyclin-D-CDK4 and cyclin-E-CDK2 
complexes mediate RB phosphorylation. E2F released flum RE following phosphorylation plays ar 
important role in the G1-S transition. 

phosphorylation state is cell-cycle 
dependent. It is dephosphorylated as 
cells exit mitosis and phosphorylated 
just before the GI-S transition. In its 
underphosphorylated form, RB acts as 
a growth suppressor and prevents G1-S 
transition, and this activity is linked to 
its ability to bind the transcription fac- 
tor E2F and several other transcrip- 
tional regulators, Following phosphoryl- 
ation of RB, E2F is released and 
activates a defined set of genes 
required for GI-S transition and DNA 
replication 4°. Several transforming pro- 
teins, such as the SV40 large T antigen, 
adenovirus EIA and human papil- 
lomavirus E7 protein, associate with 
underphosphorylated RB and thus inac- 
tivate its growth-suppressing activity 41. 
Growth arrest in late G1 induced by 
TGF-[~ or serum starvation is ac- 
companied by the maintenance of RB in 
its underphosphorylated form, which 
has led to the suggestion that TGF-{3 
might play a role in determining the 
phosphorylation state of RB ~. To under- 
stand how TGF-{5 may affect RB 
phosphorylation and induce growth 
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arrest, several studies have evaluated 
the effect of TGF-13 on GI cyclins and 
the associated cyclin-dependent kin- 
ases (CDKs). Among these, cyclin D, 
which exists as three isoforms encoded 
by distinct genes, can associate with 
CDK4, whereas cyclin E forms a com- 
plex with CDK2. Both types of com- 
plexes are thought to mediate RB 
phosphorylation before the GI--S tran- 
sition 4°. Although each of the few cell 
lines studied had a somewhat different 
pattern of cyclin~ and CDKs affected by 
TGF-IS, some important observations 
have been made. 

TGF-p treatment Inhibits CDKs. In the 
epithelial cell lines studied, TGF-{~ does 
not affect the moderate and transient 
increases in cyclin DI and D2 ex- 
pression that occur during early G1 
phase, Rather, TGF-~ acts by inhibiting 
the concomitant induction of their 
major partner, CDK4 (Refs 39, 42) and 
can thus block entry into S phase when 
added after the increase in cyclin D 
expression 39. At a later stage during 
GI, expression of cyclin E and its part- 
ner CDK2 is induced strongly. This 

induction is nearly abolished 
by TGF-[3 in HaCaT cells 39, 
but not in MvlLu epithelial 
cells 42,43. However, in MvlLu 
cells, CDIG is inactive, per- 
haps because it fails to 
assemble with cyclin E (poss- 
ibly as a result of an inhibition 
of CDK2 phosphorylation) 43 
or because it associates with 
an inhibitor (see below). 
However, whether this effect 
is the direct result of TGF-13 
receptor activation or is a 
consequence of more general 
effects of TGF-J3-induced 
growth inhibition is not clear. 
Finally, TGF-13 blocks the in- 
duction of cyclin A expression, 
which normally occurs 
shortly before the point in G1 
at which TGF-[3 arrests the 
cell cycle 39. Constitutive over- 
expression of CDK4, but not 
CDK2, in MvlLu confers 
resistance to the antiprolifer- 
ative effect of TGF-[3, thus 
resulting in phosphorylation 
of RB in late GI and entry into 
S phase even in the presence 
of TGF-[3 (Ref. 42). Further- 
more, TGF-~-induced down- 
regulation of CDK4 inhibits 
CDK2 activation in MvlLu 
cells, even though cyclin E 
and CDK2 expresslon are not 

affected 42. These results emphasize the 
role of CDK4 in TGF-13-1nduced growth 
arrest in late G1 and underscore a func- 
tional link between CDK4 and CDK2 
activation (Fig. 3). 

Several CDK inhibltors that interact 
with the cyclin-CDK complexes have 
been identified: p21 inhibits all CDKs 
studied, with preference for CDK2, and 
may participate in p53-induced cell- 
cycle arrest by inhibiting cyclin-E-CDK2 
activation44; p27 nn also inhibits acti- 
vation of cyclin E-CDK2 complexes and 
can be found associated with these 
complexes in growth-arrested cells45; 
and p16 inhibits CDK4 activity selec- 
tively. One or several of these inhibitors 
are likely to play a role in TGF-[3o 
mediated growth arrest, especially be- 
cause of the crucial roles of CDK4 and 
CDK2 in RB phosphorylation and GI-S 
transition, but no convincing evidence 
has as yet been provided for a direct 
mechanistic link between these CDK 
inhibitors and TGF-{3 signaling. By con- 
trast, the expression of a recently ident- 
ified pl6-related CDK inhibitor, p15 INK4B, 
has been shown to be upregulated in 
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HaCaT cells following TGF-13 treatment, 
suggesting its involvement in TGF-~- 
induced growth arrest 4~. Further charac- 
terization of the cell-cycle machinery 
and its role in growth arrest in late G1 
is required before specific targets of 
the TGF-13 signaling events that lead 
to growth inhibition will be identified 
convincingly. 

Another protein that may play a role 
in TGF-~induced growth arrest is 
c-Myc, since TGF-~ can downregulate 
c-myc expression in some cell lines that 
are responsive to its antiproliferative 
effect4L In addition, several pieces of 
evidence suggest that RB function and 
c-myc expression are interconnected. 
First, TGF-~-induced downregulation of 
c-myc expression is abrogated in cells 
that express viral transforming pro- 
teins, such as adenovirus EIA and HPV 
E7, that associate with RB and in- 
activate its function as a growth 
suppressor 41. Furthermore, overex- 
pression of c-myc can abolish G1 arrest 
induced by RB ~. Finally, the c.myc pro- 
moter has two binding sites for the pro- 
tein E2F, the activity of which is regu- 
lated by phosphorylation of RB 4e. 
However, further study is required to 
clarify the role of c-Myc in growth arrest 
induced by TGF-13, and to evaluate a 
possible functional connection between 
cyclin/CDK/RB regulation and c-Myc. 

Clearly, we have only just begun to 
understand how TGF-{5 and its relatives 
exert their multiple activities. Further 
characterization of these new types of 
receptors and the cell-cycle machinery 
is required before the receptor-me- 
diated signaling events can be fully eluci- 
dated. As a necessary step in the analy- 
sis of the signaling cascade, several 
labs are characterizing proteins that 
can interact with the TGF-13 receptors 
and could thus be involved in TGF-~ 
receptor-mediated signaling. Recently, 
the immunophilin FKBP-12 was shown 
to interact with type I receptors 5°, but 
the physiological relevance of this inter- 
action in TGF-~ signaling remains to be 
determined. Considering the recent 
cloning of a number of TGF-[~ receptors 
and the complexity of the interactions 
of the downstream signals, great caution 
should be exercised before conclusions 
are drawn about the mechanisms of 
TGF-~ signaling. 

Acknowledgements 
I am grateful to the many colleagues 

who contributed to the work described 
in this review, i thank especially 
E. Filvaroff and R-H. Chen for their 

constructive criticisms of this paper 
and them, as well as the other lab 
members, R. Ebner, S. Lawler and P. 
Miettinen, for their contributions to our 
work on TGF-15 receptors. I also thank 
H. Moses, R. Weinberg and D. Morgan 
for stimulating conversations. Research 
in the author's laboratory is supported 
by the American Cancer Society, the 
NIH and the Tobacco-Related Disease 
Research Program. 

References 
Owing to TIBS" policy of short reference lists, the 
number of references cited in this article has been 
limited. Some work has therefore unfortunately 
been left unacknowledged. 

I Roberts, A. B. and Sporn, M. B. (1990) in 
Peptide Growth Factors and Their Receptors 
(Roberts, A. B. and Sporn, M. B., eds), 
pp. 419-472, Springer Verlag 

2 Derynck, R. (1994) in The Cytokine Handbook 
(Thompson, A., ed.) (2rid edn), pp. 319-342, 
Academic Press 

3 Derynck, R. et al. (1988) EMBO J. 7, 
3737-3743 

4 Kingsley, D. M. (1994) Genes Dev. 8, 133-146 
5 Massagu6, J. (1992) Cell 69, 1067-1070 
6 Mathews, L. and Vale, W. W. (1991) Cell 65, 

973-982 
7 Massagu(~, J., Attisano, L. and Wra~a, J. L. 

(1994) Trends Cell Biol. 4, 172-178 
8 Lopez-Casillas, F. et al. (1991) Cell67, 

786-795 
9 Wang, X-F. et al. (1991) Cell 67, 797-805 

10 Lopsz-Casillas, F., Wrana, J. L. and Massagu(~. J. 
(1993) Cell 73, 1436-1444 

11 Moustakas, A. et al. (1993) 1 Biol. Chem. 268, 
22215-22218 

12 Lin, H. Y. etal. (1992) Ce1168, 775-785 (see 
also erratum, Cell 70, FP1068) 

13 Lawler, S. et al. (1994) Development 120, 
165-175 

14 Wrana, J. L. et at. (1994) Nature 370, 341-347 
15 Ebner, R. et al. (1993) Science 260, 

1344-1348 
16 ten Oljke, P. et aL (1994) Science 264, 

101-104 
17 Ebner, R. et aL (1993) Science 262, 900-902 
18 Wrana, J. L, et aL (1992) Cell 71, 1003-1014 
19 Franz6n, P. et aL (1993) Cell 75, 681-892 

20 Attisano, L. et a" (1993) Cell 75, 671--680 
21 Bassing, C. H. eta/. (1994) Science 263, 

87-89 
22 Miettinen, P. J., Ebner, R., Lopez, A. R. and 

Derynck, R. J. Cell BioL (in press) 
23 Sato, N. and Miyajima, A. (1994) Curr. Opin. 

Cell BioL 6, 174-179 
24 Stahl, N. et al. (1994) Science 263, 92-94 
25 Henis, Y. I., Moustakas, A., Lin, H. Y. and 

Lodish, H. F. (1994) J. Cell Biol. 126, 139-154 
26 Chen, R-H. and Derynck, R. (1994) J. Biol. 

Chem. 269, 22868-22874 
27 Yamashita, H. eta/. (1994) J. Biol. Chem. 269, 

20172-20178 
28 White, M. F. and Kahn, C. R. (1994) J. Biol. 

Chem. 269, 1-4 
29 Schlessinger, J. (1988) Trends Biochem. Sci. 

13, 443-447 
30 Mathews, L. S. and Vale, W. W. (1993) J. BioL 

Chem. 268, 19013-19018 
31 Chen, R-H., Ebner, R. and Derynck, R. (1993) 

Science 260, 1335-1338 
32 Geiser, A. G. et at. (1992) J. Biol. Chem. 267, 

2588-2593 
33 Fafeur, V., O'Hara, B. and BShlen, P. (1993) 

Mol. Biol. Cell 4, 135-144 
34 Laiho, M. et al. (1991) Mol. Cell. Biol. 11, 

972-978 
35 Mulder, K. M. and Morris, S. L. (1992) J. Blot. 

Chem. 267, 5029-5031 
36 Gruppuso, R A., Mikumo, R., Brautigan, D. L. 

and Braun, L. (1991) J. Biol. Chem. 266, 
3444-3448 

37 Kramer, I. M. et aL (1991) EMBO J. 10, 
1083-1089 

38 Laiho, M. et aL (1990) Cell 62,175-185 
39 Geng, Y. and Weinberg, R. A. (1993) Proc. Natl 

Acad. Sci. USA 90, 10315-10319 
40 Sherr, C. J. (1994) Trends Cell Biol. 4, 15-18 
41 Pietenpol, J. A. et al. (1990) Cell 61, 777-785 
42 Ewen, M. E., 81uss, H. K., Whitehouse, L. L. and 

Livingston, D. M. (1993) Cell 74, 1009-1020 
43 Koff, A. et al. (1993) Science 260, 536-539 
44 Dulic, V. et al. (1994) Cell 76, 1013-1023 
45 Polyak, K. et al. (1994) Genes Dev. 8, 9-22 
46 Serrano, M., Hannon, G. J. and Beach, D. 

(1993) Nature 366, 704-707 
47 Hannon, G. J. and Beach, D. (1994) Nature 

371, 257-261 
48 Janssen-DOrr, R et el. (1993) Proc. Natl Acad. 

ScL USA 90, 3685-3689 
49 Hiebert, S. W., Lipp, M. and Nevins, J. R. (1989) 

Proc. Natl Acad. Sci. USA 86, 3594-3598 
50 Wang, T., Donahoe, P. K. and Zervos, A. S. 

(1994) Science 265, 674-676 

TIBS:. a wodd view 

In some countries, the currency needed to pay for a personal 
subscription (US dollars or pounds sterling) is not available. If you 
wish to help a colleague who is not able to benef'A from TIBS for this 
reason, we will accept your payment for another person's 
subscription. Simply complete the subscription order card bound into 
any issue, giving the recipient's name and address labelled 'send to'; 
after 'signature', give your own name and address and mark this 'bill 
to'. Renewal notices will be sent to your address and the recipient will 
receive the monthly copy of the journal. Please inform the recipient of 
your action. 

S ~  

Bicara Ex. 1050 
Bicara v. JHU - PGR2026-00025 




